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can be compatible with large area processes depending on the synthesis and patterning process.
Recently, great effort has been devoted to create and to engineer a novel class of multiscale macroscopic composite materials, which include or are based on carbon nanotubes (CNTs) such as arrays, sheets, buckypapers, and yarns. [8] [9] [10] [11] Although, these assemblies aim at exploiting the exceptional intrinsic properties, namely high electrical and thermal conductivity, [12, 13] high strength and flexibility, [14] of an individual CNT at the macroscopic scale, they often show a remarkable drop (up to several orders of magnitude) of the abovementioned properties. This is related to the difficulty in achieving uniform distribution of catalysts, defect-free tubes, and an effective interfacial bonding between CNTs and the substrate. [9, 10] For example, the thermal conductivity of an individual multiwalled carbon nanotube (MWCNT) is several orders of magnitude higher than the effective one of a vertically aligned CNT (VA-CNT) foam-like nanostructure, 136 W m −1 K −1 and 1.04 W m −1 K −1 , respectively. [15] This decrease is mainly the result of the intertube scattering and the high thermal contact resistance at the CNT-substrate interface.
Interesting properties in nanoscale assemblies have been found by combining the high aspect ratio with thin conformal coatings. For example, photoanodes obtained by coating zinc oxide (ZnO) nanoforest with a thin layer of titanium dioxide (TiO 2 ) for dye-sensitized solar cells, [16] or gold-coated vertical Si nanowires for biomolecule detection have been reported. [17] In this perspective, VA-CNT arrays with their foam-like morphology represent an attractive 3D scaffold to create a novel class of high aspect ratio heterogeneous materials with tailored behavior. The tailoring of the CNT-based nanostructure performance strongly depends on the achieved porosity, the coating material and its infiltration within the nanotube network. Recently, Poelma et al. have shown how the mechanical response of high aspect ratio foam-like VA-CNTs can be tuned from foam-like toward brittle ceramic by simply varying the thickness of an amorphous silicon carbide coating. [18, 19] No study has yet been published regarding the thermal conductivity enhancement consequent to the infiltration of a conformal coating within a porous VA-CNT array.
The high aspect ratio and the porous nature of spatially oriented forestlike carbon nanotube (CNT) structures represent a unique opportunity to engineer a novel class of nanoscale assemblies. By combining CNTs and conformal coatings, a 3D lightweight scaffold with tailored behavior can be achieved. The effect of nanoscale coatings, aluminum oxide (Al 2 O 3 ) and nonstoichiometric amorphous silicon carbide (a-SiC), on the thermal transport efficiency of high aspect ratio vertically aligned CNTs, is reported herein. The thermal performance of the CNT-based nanostructure strongly depends on the achieved porosity, the coating material and its infiltration within the nanotube network. An unprecedented enhancement in terms of effective thermal conductivity in a-SiC coated CNTs has been obtained: 181% compared to the as-grown CNTs and Al 2 O 3 coated CNTs. Furthermore, the integration of coated high aspect ratio CNTs in an epoxy molding compound demonstrates that, next to the required thermal conductivity, the mechanical compliance for thermal interface applications can also be achieved through coating infiltration into foam-like CNT forests.
Cooling Solutions
1D nanostructures such as nanotubes, nanowires, and vertical core-shell heterostructures are attractive building block materials to improve performance in various applications, including electronic and optoelectronic devices, [1] [2] [3] electrophysiological signal detection, [4, 5] energy storage, and conversion. [6, 7] The formation of high-density and spatially oriented forest-like nanostructures is central in many of the mentioned applications due to a significantly increased surface-to-volume ratio in comparison to conventional bulk materials. Additionally, the bottom-up approach, often used to achieve those nanostructure clusters, allows to control their localized growth, their aspect ratio, and
In this work, we explore the effect of nanoscale coatings on the thermal transport efficiency of high aspect ratio VA-CNTs expressed in terms of effective thermal conductivity, k eff . The materials chosen to fill the VA-CNT-based scaffolds are aluminum oxide (Al 2 O 3 ) and nonstoichiometric amorphous silicon carbide (a-SiC). They are both ceramic-like materials with superior hardness, and large thermal conductivity, ≈360 W m −1 K −1 and ≈25 W m −1 K −1 for bulk SiC and bulk Al 2 O 3 , respectively. [20, 21] We begin by locally synthesizing various VA-CNT micropin configurations on top of microelectromechanical systems (MEMS) microhotplates (MHP), used both as heat source and thermal sensor. For further details on the fabrication process of the MHP and CNT synthesis, we refer to our previous publication. [15] After the growth step, the VA-CNTs are coated by using atomic layer deposition (ALD) for the Al 2 O 3 and by low-pressure chemical vapor deposition (LPCVD) for the a-SiC, to achieve a targeted coating thickness of 15 nm. The chosen deposition techniques allow to obtain nanoscale accuracy over the deposition thickness and a good conformality. The formation of the heterogeneous composites, the Al 2 O 3 coated (Al 2 O 3 /CNTs) and the a-SiC coated (a-SiC/CNTs) CNT nanofoam scaffolds, is sketched in Figure 1a -c. It is well known that CVD-grown CNTs have a high density of surface defects in comparison to CNTs fabricated by arch-discharge or laser ablation methods. This represents an advantage as the surface defects provide bonding sites for the coating nucleation. [22, 23] As shown by the Raman spectra of the as-grown CNTs ( Figure S1 , Supporting Information), the intensity ratio between the D-and G-band peaks (I D /I G ) is equal to 0.95, revealing the low crystallinity degree of the CNT sample. Therefore, due to their intrinsic defectivity, no functionalization treatments are performed on the CNT scaffold prior to the coating procedures. Upon exposure to the precursor gases, the corresponding precursor molecules diffuse into the VA-CNT porous structure. The coating nucleation starts from the interaction between precursor gases and localized CNT surface defect sites, and/or precursors and CNT-CNT junctions. The product of the reaction is a nanometer-size granule formation at the surface. A thin layer is then formed by the overlap of adjacent grains while the number of cycles or the deposition time increases, depending on the adopted deposition technique (ALD or LPCVD).
Scanning electron microscope (SEM) images of VA-CNT sidewalls reported in Figure 1d -f, highlight the morphological variation of the cluster surface before and after the coating depositions. The as-grown VA-CNT array consists of wavy interlaced multiwalled carbon nanotubes, oriented perpendicular to the substrate. The bridging between nearby nanotubes creates a regular foam-like structure with an average spacing of 60 nm.
The nanotube average diameter, d CNT , is 10 nm and the tube density within the micropin is around 112 tubes µm −2 , resulting in a porosity of 99.1% (Figure 1d ). For ideally aligned CNTs a 30 nm coating can not only fill but also coalesce the entire array. Both micropin hybrid composites studied show remarkably uniform deposition around the nanotubes. The initial vertical orientation and the high surface area of the CNT array are retained, while in correspondence to the CNT-CNT junctions some localized aggregations are formed. The average CNT coated diameter is 31 and 35 nm for the Al 2 O 3 /CNTs and for the a-SiC/CNTs, respectively (Figure 1e ,f). Therefore, the average coating thicknesses deposited on the MWCNT surface are ≈17 nm for the a-SiC and ≈13 nm for the Al 2 O 3 , in good agreement with the ones measured by ellipsometry on a bare silicon wafer.
In order to investigate the morphology and the coating infiltration depth within the VA-CNT arrays, we performed highresolution SEM pictures at different microstructure locations, from top to bottom of the micropin (z-axis) as well as along the radius (r-axis). The coating uniformity and the penetration depth of both the a-SiC/CNTs and the Al 2 O 3 /CNTs are reported in Figure 2 .
The a-SiC coated micropin ( Figure 2c ) shows an excellent coating penetration along the radial direction. In particular, for every 1 µm, the coating reduces of roughly 0.1 nm when going from the sidewall to the core. The thickness variation along the z-axis is just 6 nm over the full micropin height (Figure 2d ). The remarkable coating infiltration of LPCVD a-SiC was also observed in other works focused on others materials. [24] [25] [26] [27] From the analysis of the Al 2 O 3 coated micropin, the coating at the sidewall looks uniform. However, after cleavage, the SEM analysis of the micropin cross-section reveals a poor and uneven infiltration of the precursors through the CNT array (Figure 2b) , demonstrating a diffusion-limited mechanism for the coating. The achieved heterogeneous material is made of a soft core of uncoated CNTs reinforced by a ceramic shell, which Small 2018, 14, 1800614 is ≈1.4 µm thick, as shown Figure S3 (Supporting Information). The coating thickness along the z-axis is ≈13.5 nm at the micropin tip (z = 0), it reduces down to 5 nm at z = 650 nm (Figure 2e ). For z > 650 nm some isolated grains can be noted, while the coating traces disappear completely for z > 12 µm. The same abrupt reduction in the coating thickness occurs along the r-axis (Figure 2e ). The coating thickness reduces ≈12.8 nm every 1 µm.
The resulting coating penetration depths are ≈700 nm for the ALD coated Al 2 O 3 /CNTs and around 66 µm for the LPCVD a-SiC/CNTs, proving the superior ability of the LPCVD process to evenly coat complex high surface area nanostructures. The low penetration depth and the uneven uniformity of the ALD coating within the intricate CNT foam-like morphology has been the object of several studies. [23, 28, 29] The relatively low temperature of the ALD process represents the main limiting factor of the coating process itself. The initial diffusion of precursor molecules inside the foam is slow and it decreases with increasing the individual CNT diameters. After each cycle, the CNT-CNT spacing reduces while the CNT surface area increases, limiting the diffusion coefficient even further. To achieve a uniform monolayer on a large surface area as the one of the VA-CNT array, a cycle-to-cycle variation in both precursor dose and purging time are required. [28, 30, 31] As mentioned before, the aim of this work is to explore the effect of nanoscale coating on the thermal transport properties of coated VA-CNTs. The adopted measurement approach consists of an MHP on which two different VA-CNT configurations have been directly synthesized: a multipin configuration, composed by six micropins (each with a radius of 10 µm), and a single micropin (100 µm in radius), shown in the insets of Figure 3 .
Thermal Performance of a-SiC/CNT Multipin: The VA-CNT multipin arrangement shows remarkable enhancement of the heat dissipation performance after the a-SiC coating (Figure 3a ). To understand which of the heat transfer mechanisms can be the cause of such improvement, we characterized the samples in two different environmental conditions: in vacuum and in air.
In vacuum, the heat conducted through the VA-CNTs is dissipated by radiation. The evaluation of the emissivity (ε) by high-resolution infrared microscopy reveals an unvaried ε between the coated and uncoated VA-CNTs (ε = 0.95). Moreover, the overall shape of the multipin configuration is substantially unaltered due to the nanometer-thick coating. Therefore, the substantial improvement obtained in vacuum is due to an enhanced effective thermal conductivity, k eff a-SiC/CNT . Secondary effects, such as annealing and influence of the a-SiC coating on the MHP, can be excluded. First, the Pt spiral on which the MHP is based was preannealed at 1000 °C for one hour during the fabrication process. Second, a bare reference MHP without CNT underwent the same coating as the VA-CNT samples and any variation in thermal performance prior and after the coating procedure was detected.
In air, the difference between the pre-and postcoating heat dissipative behaviors is even more remarkable. For example, for a given input power of 25 mW a reduction of the local hot-spot temperature of 103 K is achieved in air. The heat dissipation improvement recorded in air is related to both conduction and convection, and therefore it can be related to the k eff a-SiC/CNT and to the porosity variation. The specific impact of each of the above-mentioned contributions needs to be determined.
Thermal Performance of a-SiC/CNT Single Micropin: Unexpectedly, the a-SiC/CNT single micropin does not show a detectable heat transfer improvement before and after the coating (Figure 3b ). The extraordinary performance improvement of the multipin configuration (up to 75% more power dissipated in air and 64% in vacuum) and the unvaried performance of the single micropin poses many questions. The unvaried single micropin behavior may be partially related to the micropin's geometry and diameter. As previously mentioned, the maximum micropin radius to achieve evenly coated a-SiC/CNTs is 66 µm. Consequently, the entire volume of each multipin element (10 µm in radius) is fully coated, while the single micropin volume that is effectively coated is about 88% of the total.
Thermal Performance of Al 2 O 3 /CNT Configurations: No evidence of heat dissipation enhancement is found for any investigated CNT configuration after the ALD Al 2 O 3 coating treatment (Figure 3c,d) . This is explained by the observed low infiltration depth of the coating within the VA-CNTs.
To highlight how the two coatings affect the heat dissipation, we report in Figure 3e ,f the average temperature reached by the various arrangements at a fixed power. In both air and vacuum, the a-SiC coated multipin configuration, T 6ma-SiC , outperforms the others. The unaltered heat transfer performances of the Al 2 O 3 /CNTs and the impressive enhancement of the a-SiC multipin scaffolds might be related to the effective thermal conductivity and the porosity variation. In the following, these two main causes are discussed.
Effective Thermal Conductivity: The effective thermal conductivity data are obtained by relating the temperature at the micropin tip and at the junction region CNTs-MHP, measured by high-resolution IR microscopy, with the 1D pin fin heat transfer model explained in a previous publication. [15] The temperature dependency of the k eff of both Al 2 O 3 and a-SiC VA-CNT multipins is obtained by acquiring the IR maps while powering the MHP (Figure 4a,b) . Figure 4c shows the obtained k eff of the pre-(named k eff CNT ) and postcoated multipin arrangements (named k eff a-SiC/CNT and k eff Al2O3/CNT ) at different temperatures. The k eff Al2O3/CNT shows no substantial variation compared to the uncoated VA-CNTs, in line with the power dissipation recorded. For the a-SiC/CNTs instead, the graph clearly reveals a strong k eff enhancement due to the conformal coating penetration into the CNT nanofoam architecture. At the lowest investigated temperature, the k eff improved from 1.04 W m −1 K −1 , when uncoated, to 2.6 W m −1 K −1 when a-SiC coated. The k eff a-SiC/CNT reaches 4.2 W m −1 K −1 at the highest investigated temperature. In particular, the k eff a-SiC/CNT trend shows a steep increase around 392 K, while for higher temperature the increase rate reduces. The enhancement factor, η, defined by the ratio
highlights the conductive transport enhancement at different operating temperatures and it goes from 104% up to 181%
( Figure 4b ). The obtained results draw further attention to the impressive effect that the amorphous carbide coating has on the improvement of thermal performance efficiency of VA-CNT scaffolds. To the best of our knowledge, this is the highestever reported thermal conductivity enhancement of VA-CNTs obtained by nanolayer coating. It is generally recognized that thermal conduction in CNT arrays strongly depends on their morphology, vacancies, defects and CNT-CNT interactions as well as the thermal boundary resistance at the CNT-substrate and CNT-air interfaces. As shown by the SEM picture ( Figure S2 , Supporting Information) and by the I D /I G ratio, the as-grown foam-like morphology consists of many defects, CNT-CNT junctions, and twists that highly affect the thermal transport and increase the phonon-boundary scattering. It has been demonstrated that the thermal resistance at the interface between two nanotubes, which interact through van der Waals forces, is notably large (tube-tube thermal resistance ≈11 × 10 −8 m 2 K W −1 ). [32, 33] All these aspects are reflected in the achieved k eff CNT . The factors that might explain the thermal conductivity enhancement of the a-SiC/CNT composite are the nanocoating conformality, the intrinsic thermal conductivity of the deposited material, which can be higher than MWCNTs, and a reduction in the CNT-substrate contact resistance.
By conformally coating a VA-CNT scaffold a new percolating network is built on top of the original one, allowing to overcome defected regions, tube twists, and to promote additional heat conduction paths, thus enhancing the phonon transfer for two sample configurations: a,c) the multipin and b,d) the single micropin. The measurements were performed in air and vacuum (P AIR and P VAC ). The "*" and "+" symbols refer to P AIR and P VAC of the uncoated configurations, respectively, while "•" refers to the same sample after the nanoscale coatings. e,f) Average temperature (T AIR or T VAC ) reached by the analyzed sample sets for a given input power in e) air, P AIR , and in f) vacuum, P VAC . The 6 m, 1 m, and reference labels refer to the multipin, single micropin, and bare MHP, respectively. The unpatterned bars indicate the samples taken as reference (uncoated VA-CNTs or bare MHP).
among contiguous CNTs. [34] In fact, the CNT-CNT contact area increases while the interfacial thermal resistance between neighboring CNTs is reduced. [33] Moreover, new contact points are created, which may lead to an increase in phonon scattering phenomena as well as to additional paths for heat transfer among adjacent tubes that were not in contact before. [35] The Al 2 O 3 coating, with its inability to create a conductive network spread over the whole scaffold surface and its scarce penetration depth, prevents any significant heat transfer improvement (Figure 4c ).
Another possible enhancement factor is the thermal conductivity of the a-SiC itself. Since the coating thickness is close to the phonon mean free path of both the MWCNTs (as low as 4 nm) [36] and the a-SiC (as low as 0.488 nm), [37] the thermal conductivity ceases to be a material property and becomes dependent on size and shape of the boundary interface. [38] It has been reported that for thin films the thermal conductivity of amorphous SiC is likely to be rather smaller than for the bulk crystalline structure, 0.12-3.6 W m −1 K −1 instead of 320-490 W m −1 K −1 . [37] However, it is higher than k eff CNT .
Last but not least, k eff CNT can increase due to a reduction of the thermal contact resistance at the CNT-substrate interface. It has been demonstrated that in presence of a weak bond between the substrate and the nanofoam, not all the CNTs participate effectively in the heat transport. [39] A better thermal coupling between the support layer and the CNTs can be achieved through embedding the nanotube in a metal contact or increasing the contact area by pressing the CNTs toward the substrate. [40, 41] In our case, by performing the coating it might likely be that more CNTs are participating to the heat transfer due to the cross-sectional area enhancement given by the a-SiC coating.
Porosity: Another possible reason for the recorded impressive enhancement of the thermal performance of the a-SiC coated multipin configuration can be related to the porosity variation. The foam-like VA-CNT porosity of a multipin element reduces from 99.1% to 85.5% in consequence of the a-SiC coating infiltration. Based on the micropin model described in the Supporting Information (Equation S1), we calculate the heat loss through a unit element and the whole multipin configuration, Q pin and Q Tpin , respectively. The discrepancy between the measured heat transfer rate (Q Tpin *) and the theoretical heat transfer rate (Q Tpin ) is about 2% for the uncoated VA-CNT configuration, while it is about 62% for the a-SiC coated one (see Table S1 in the Supporting Information). The substantial discrepancy observed in the a-SiC/CNTs multipin configuration is most likely caused by the porosity variation, which is not included in the adopted model.
The porosity reduction, consequent to the nanoscale conformal coating, affects the natural convective heat flow as well as the heat transfer. The natural convective heat flow is influenced by two opposite factors. It should decrease due to less air passing through the pores created by the VA-CNT matrix, because the volume filling fraction of CNTs increases, while the air volume and the flow within the micropin decreases. At the same time, the heat convection should increase due to the increase in the effective surface area of the micropin after coating, which implies that more heat is convected to the surrounding. To quantify how these factors can mutually compensate each other at the nanometer scale is hard and requires an in-depth investigation. However, the enhanced heat transfer rate after a-SiC coating suggests that the surface-to-volume ratio increase has a stronger influence than the internal air volume reduction.
In addition to the thermal performance enhancement, the infiltration of the a-SiC conformal coating into foam-like VA-CNTs enforces the mechanical stability of the achieved micropins, as evidenced by their successful encapsulation in an epoxy molding compound (described below).
Through-Package Thermal Vias Based on a-SiC VA-CNTs: Here for the first time, we report on through-package thermal vias based on VA-CNT micropins. They can represent an attractive alternative as thermal as well as electrical vias. The bottom-up growth, the possibility to fully customize both feature shape and aspect ratio, and the chance to tailor their mechanical, thermal and electrical behavior through conformal coatings make VA-CNT arrays a promising candidate as CNT-based vias. A preliminary study is carried out to prove the possibility to embed a-SiC coated VA-CNT micropins into a wafer-level packaging process. Patterned VA-CNT arrays are grown on a Si wafer reaching a height of around 300 µm. After conformally coating the nanotubes with 20 nm of LPCVD a-SiC, a film-assisted molding (FAM) conducted at wafer-scale to encapsulate the system is performed. The FAM is a proprietary technology of Boschman Technologies and the Advanced Package Center. [42] The crucial part of the encapsulation process is that VA-CNT micropins must withstand the pressure (from 3 to 80 bar) used to insert the epoxy molding compound, therefore proper anchoring with the substrate and good mechanical strength are necessary. After the encapsulation, the wafer is diced into individual chips of 6 × 6 mm 2 . Figure 5a-f shows micropins with different diameters before and after the coating and the resulting VA-CNT vias through the epoxy molding compound (Figure 5g-i) . The molding is quite uniform over the entire wafer and most of the VA-CNT micropins have the tip sticking out from the molding, allowing to perform subsequent optional metallization for routings useful in, e.g., electrical vias. Figure S4 (Supporting Information) shows the compressive failure of some micropins, probably occurred during the closure and clamping of the top mold. The compressive failure mechanism observed in our 15 nm coated a-SiC micropins has been extensively studied by others. [18, 19] The obtained chip-interposer has been thermally characterized by high-resolution IR microscopy. The interposer is heated up via a thermal chuck to temperatures ranging from 180 °C to 210 °C. By focusing on the chip area, the surface temperature reached by the interposer is monitored. The collected data are then compiled into thermal maps ( Figure S5 , Supporting Information). Each map clearly shows the VA-CNT micropin tip temperature, which is lower than the temperature of the heated chuck, and the symmetric temperature profile along their radius, confirming the conformality of the a-SiC scaffold for different micropins diameters.
However, to avoid possible artifacts in recording the surface temperature, due to the low distance (4 to 5 cm) between the heated chuck and the optics used to record the IR emission, a higher working distance is required. Therefore, with the current device configuration it is not possible to estimate the heat loss through the VA-CNT vias and the epoxy molding compound. Further tests need to be carried out.
This work discussed the effects of ceramic coatings on the thermal performace of high aspect ratio VA-CNT micropins. VA-CNT configurations directly grown on top of MHPs are subjected to a coating process with ALD Al 2 O 3 and LPCVD a-SiC as coating materials. The thermal response of micropin configurations is characterized prior and after depositing the coatings, using a combination of Joule heating and IR microthermography. The obtained Al 2 O 3 /CNT hybrid material shows no significant variation in terms of heat dissipation compared to the uncoated one. We conclude that the unvaried behavior is caused by the limited penetration depth of the ALD precursors within the CNT nanofoam. The a-SiC/CNT instead shows a tremendous increase of the effective thermal conductivity by 181% compared to the as-grown CNT nanofoam. According to the obtained results and the morphological analysis, the key factor for CNT thermal transport enhancement is the precursor penetration within the nanofoam morphology. In fact, the sole presence of a thin shell of coating around the micropin does not improve the overall performance. It is the formation of a 3D network across the entire micropin that contributes to the great enhancement of the thermal conductivity, by reducing the interfacial thermal resistance between tubes and between CNTs and the substrate and by proving additional thermal paths for the heat carriers.
Natural convective heat-transfer in porous media is an active research area field. [43] [44] [45] To fully understand the natural convective heat-transfer in foam-like VA-CNTs, including porosity variations, in-depth numerical modeling and experimental studies are needed.
The achieved heterogeneous material can be interesting for a wide range of applications spanning from solid-state supercapacitors, [30] to through-silicon-via interconnects, [11] to on-chip cooling solutions. [15] In particular, to prove that high aspect ratio conformally coated VA-CNTs can be used as 3D microstructure for localized and customized microcooling solutions, a chip-interposer is fabricated by wafer-scale FAM. The encapsulation was successful due to the increased mechanical stability provided by the a-SiC conformal coating. A future step will be to understand the heat transfer of the interposer-chip, by obtaining more reliable IR maps and by using it as interposer among chip stacks. This work highlights the opportunities provided by applying conformal coatings on VA-CNTs.
Experimental Section
Synthesis of VA-CNT: Vertically aligned CNTs were synthesized at wafer-scale on a 30 nm sputtered Al 2 O 3 barrier layer on which 1.2 nm of iron (Fe) catalyst nanoparticles was evaporated and patterned by lift-off to define the micropin geometry. The substrate on which VA-CNTs were synthesized consisted of Pt microheaters (90 in total) embedded on a 400 nm silicon nitride membrane supported by a 4″ silicon wafer. Further details on the fabrication process of the MHPs and the CNT synthesis can be found elsewhere. [17, 46] The wafer was then loaded in a commercial chemical vapor deposition (CVD) system at 650 °C for 5 min using H 2 /C 2 H 2 as feedstock at a pressure of 80 mbar.
Coating Procedure: To perform the a-SiC conformal coating, the samples were loaded into a Tempress hot-wall LPCVD furnace. The precursor gasses were acetylene (C 2 H 2 ) and dichlorosilane (SiH 2 Cl 2 ) diluted in 5% hydrogen (H 2 ) and the deposition temperature and pressure were fixed at 760 °C and 0.8 mbar, respectively. Most probably the coating nucleation started from CNT surface defects. The average a-SiC deposition rate was 5 Å min −1 , with an incubation time of ≈7 min before the film growth starts. A detailed description of the physical and chemical properties of the deposited a-SiC thin layer can be found in ref. [47] .
The Al 2 O 3 conformal coating was applied using an ALD system (ASM F-120). The deposition temperature was set at 300 °C and the pressure at 1.33 mbar. The ALD cycle sequence consisted on exposing the sample to trimethylaluminum for 2 s, then to a nitrogen (N 2 ) purge for 6 s, followed by 2 s of high purity water (H 2 O) exposure, ending with 8 s of N 2 purge. The N 2 purge was performed after each precursor exposure to remove any unreacted precursors or reaction by-products from the chamber. The average deposition rate was self-limited to around 0.9 nm per cycle. Thermal Performance Characterization: To quantify the heat dissipation through the investigated micropin configuration MHPs on which VA-CNTs are directly synthesized were used. The MHP was designed to generate heat by Joule heating as well as to sense the average device temperature. The characterization was performed by loading the MHP in a stainless still vacuum chamber, equipped with four probe needles, connected to a vacuum pump and a probe station. The setup allowed performing measurements under two environmental conditions: vacuum and ambient pressure.
Thermal Conductivity Characterization: To quantify the k eff of coated and uncoated multipin configurations, a combination of electrical stimulation and high-resolution thermographic microscopy analysis (temperature sensitivity of 1 K and spatial resolution of 2.5 µm) was used. Prior to recording the temperature of the VA-CNTs under tests, a calibration procedure of the state-of-the-art IR system was performed, based on the two-point algorithm. [48] The temperature distribution of the coated and uncoated multipin configurations was recorded for four power values by Joule-heating the device with a stepwise current from 5 to 8 mA.
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